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Abstract

We present Polar observations of a reconnection layer during an inbound pass at high
northern latitudes. The interplanetary ﬁeld of 20 nT pointed strongly northward continuously for 13 h.
Reverse polar cap convection observed repeatedly by the DMSP F13 satellite provided direct evidence of
continued reconnection. Polar observed sunward and southward jets. The event was hallmarked by a
density asymmetry ≈140 and moderate guide ﬁeld. Disturbances in ﬁelds and plasma were much more
intense on the magnetosphere (MSP) side of the current sheet (CS). A density cavity was observed at both
separatrices. Isolated EN peaks occurred at the density cavity regions. The intense electric ﬁeld ﬂuctuations
(≤60 mV/m) were mainly in the component normal to the CS, EN . The guide ﬁeld pointed opposite to
the Hall ﬁeld, leading to an overall weakening of the out-of-plane magnetic ﬁeld. A magnetic island was
observed in the outﬂow jet. The ﬁeld reversal at the CS occurred before the outﬂow jet, which we argue to
be due to the large density asymmetry. The stagnation line was strongly shifted toward the MSP side of the
CS. We compare observations with simulations which emphasize the density asymmetry and which also
include a guide ﬁeld, and we ﬁnd good agreement. Remaining discrepancies may be explained by a density
asymmetry much larger than in simulations. This is to our knowledge the ﬁrst study of a high-latitude
reconnection layer with (1) an extreme density asymmetry and (2) steady and continuously strong
interplanetary Bz .

1. Introduction
Magnetic reconnection between the interplanetary magnetic ﬁeld (IMF) and the geomagnetic ﬁeld is
believed to be the dominant process through which mass, energy, and momentum are transferred from
the solar wind into the magnetosphere (MSP) [e.g., Russell and Elphic, 1978; Paschmann et al., 1979; Sonnerup
et al., 1981; Cowley, 1984]. Reconnection was ﬁrst applied in a magnetospheric context by Dungey [1961] and
has been studied extensively through in situ and remote-sensing observations and increasingly through
numerical simulations.
The orientation of the IMF determines the location of the reconnection site on the magnetopause (MP) [e.g.,
Gonzalez and Mozer, 1974; Fuselier et al., 2005; Trattner et al., 2007]. When the IMF is strongly southward,
reconnection on the dayside opens magnetic ﬂux and erodes the dayside MSP, leading to an earthward
retreat of the MP [Aubry et al., 1970]. The magnetic ﬂux is then convected into the geomagnetic tail. In
the tail, open magnetic ﬂux accumulates and the current sheet (CS) becomes thinner until reconnection
convects this ﬂux back to the dayside. This is called the Dungey convection cycle which depends on two
sources, i.e., one on the dayside and one on the nightside. Under southward IMF conditions, antisunward
convection over the polar cap is observed with return sunward ﬂows at lower latitudes.
When the IMF is strongly northward, however, magnetic reconnection occurs poleward of the cusp.
This so-called “lobe reconnection” may take place either simultaneously in both hemispheres [Song and
Russell, 1992], or sequentially [Cowley, 1984; Crooker, 1992]. The latter is a case of open-open ﬂux transfer.
Lobe reconnection was also predicted by Dungey [1963], and its presence was conﬁrmed by in situ observations [Gosling et al., 1991, 1996; Kessel et al., 1996; Safrankova et al., 1998; Avanov et al., 2001; Phan et al., 2003;
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Twitty et al., 2004]. Lobe reconnection drives sunward plasma convection over the polar cap [Maezawa, 1976;
Reiﬀ, 1982]. Hence, compared to the ﬂow pattern under southward IMF, the direction of the ionospheric convection is reversed and is appropriately called “reverse convection” [Crooker, 1992]. Thus, observations of
reverse convection are a direct monitor of lobe reconnection.
Though the eﬀects are global, central to the physics of collisionless reconnection is the diﬀusion region
(DR), a narrow boundary layer where the plasma decouples stepwise from the magnetic ﬁeld lines. The ions
and electrons decouple on diﬀerent spatial scales [Sonnerup, 1974, 1979], giving rise to the well-known
two-scale structure of the DR: the ions are demagnetized from the magnetic ﬁeld on the ion skin depth
scale, di ≡ c∕𝜔pi , (where c is the speed of light and 𝜔pi is the ion plasma frequency), to create the ion
DR, while the electrons remain frozen-in to the magnetic ﬁeld. Later on, on the electron skin depth scale,
de ≡ c∕𝜔pe , (where 𝜔pe is the electron plasma frequency), the electrons, too, decouple from the ﬁeld. The relative motions of the ions and electrons toward the DR give rise to in-plane Hall currents which are produced
by electron loops near the separatrices. This current gives rise to an out-of-plane quadrupolar magnetic
ﬁeld structure [Sonnerup, 1974, 1979; Pritchett, 2001; Mozer et al., 2002, and references therein]. In addition,
charge separation produces in-plane bipolar electric ﬁelds pointing toward the CS [Shay et al., 1998].
The above refers to symmetric reconnection. Reconnection is characterized as “symmetric” when the
antiparallel components of the reconnecting magnetic ﬁelds are equal, and the plasma parameters (e.g.,
density and temperature) have the same values on both sides of the CS. This situation is often seen in the
magnetotail, and due to a less complicated structure, the magnetotail has been analyzed through several in
situ data examples [e.g., Oieroset et al., 2001; Wygant et al., 2005; Eastwood et al., 2007; Chen et al., 2007] and
simulations [Birn et al., 2005, 2006].
In recent times, several eﬀorts have been made to understand the structure of the DR under asymmetric
conditions. Such is the case in most reconnection events at the dayside MP and at high latitudes poleward of
the cusp. At the dayside MP, reconnection occurs between two topologically distinct regions: the cold, dense
magnetosheath (MSH) on open ﬁeld lines and the hot, tenuous MSP on closed ﬁeld lines. The asymmetries
in plasma density, temperature, ﬁeld, and ﬂow give rise to signiﬁcant diﬀerences from features observed in
symmetric reconnection. For example, the quadrupolar Hall magnetic ﬁeld becomes bipolar [Mozer et al.,
2008b; Tanaka et al., 2008, and references therein], the reconnection rate is aﬀected [Swisdak et al., 2003;
Borovsky and Hesse, 2007], and the X-line is no longer collocated with the stagnation line [Cassak and Shay,
2007]. Many of these eﬀects have been demonstrated in particle-in-cell (PIC) simulations [e.g., Tanaka et al.,
2008; Pritchett, 2008, 2013; Pritchett and Mozer, 2009] and in some observations, mostly on the dayside [Deng
and Matsumoto, 2001; Swisdak et al., 2003].
Specializing to the density asymmetry, Mozer et al. [2008a] gave quantitative theoretical estimates of how
it aﬀects Hall ﬁelds. Considering the generalized Ohm’s law, the Hall ﬁelds were found to depend on the
B
relative size of the ratio nz , where Bz is the antiparallel components of the reconnecting ﬁelds and n is the
B
number density. The higher the value of nz , the stronger the observed Hall ﬁelds. Thus, for example, if quanBz
tity n is larger on the MSP side, as is normally the case in subsolar MP and lobe reconnection, the Hall
electric ﬁeld on the MSP side is stronger than on the MSH side.
The presence of a guide ﬁeld can lead to distortions of the ﬁeld and ﬂow pattern over and above the features produced by the asymmetries [Pritchett, 2008; Mozer et al., 2008b; Pritchett and Mozer, 2009; Eastwood
et al., 2013]. Thus, for example, observations by Mozer et al. [2008b] and the 2-D PIC simulations by Pritchett
and Mozer [2009], discussing a case of asymmetric reconnection in the presence of a guide ﬁeld in the subsolar region, show a clear asymmetry in Hall magnetic ﬁeld structure which is attributed to the eﬀect of the
guide ﬁeld.
There are very few studies of the microphysics of asymmetric reconnection poleward of the cusp. Relevant
to our considerations here is the work of Retinò et al. [2005], who reported one such event through Cluster
observations at the high-latitude duskside MP on 3 December 2001. This was a case of continuous reconnection under a mainly northward IMF orientation, which lasted for about 4 h. The density asymmetry between
the MSH and the MSP was 10 (NMSH ∕NMSP = 10). The magnetic shear at the MP was 160◦ . The spacecraft
crossed both sunward ﬂowing jets as well as antisunward ﬂowing jets. Fluid and kinetic conﬁrmation of
ongoing reconnection were obtained through (1) a successful tangential stress balance test (Walén test)
MUZAMIL ET AL.
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[Hudson, 1970; Paschmann et al., 1979, 1986; Sonnerup et al., 1981] and (2) D-shaped particle distribution
functions on reconnected ﬁeld lines [Cowley, 1982].
In a subsequent paper, Retinò et al. [2006] analyzed the structure of the separatrix region (SR) on the MSP
side of the CS. The SR studied was found to be several di wide and located about 50 di from the X-line. The
SR was highly structured and dynamic, and the authors identiﬁed three subregions and a “bulge” region
within the SR on the MSP side, each about one di wide.
Tanaka et al. [2008] carried out 2-D PIC simulations, focusing on a density asymmetry with no guide ﬁeld.
They determined four distinct features of the reconnection layer as follows: (1) a prominent density dip
region at the MSP separatrix and a less prominent one on the MSH separatrix, (2) intense electric ﬁeld normal to the MP (EN ) pointing to the center of the MP at the location where the density dips are detected, (3)
an ion outﬂow due to magnetic reconnection lying on the MSP side of the CS, and (4) a bipolar structure of
the out-of-plane, Hall magnetic ﬁeld.
In this paper we document several crossings of a reconnection layer poleward of the cusp made by the
Polar spacecraft on 11 April 1997. These are meant to complement and extend other in situ high-latitude
observations under asymmetric conditions for a new domain of parameters. The event we study has various noteworthy features that have not been reported before. Namely, (1) The IMF was strong (20 nT) and
pointed steadily and strongly northward (Bz ∼20 nT) without interruption for 13 h (average clock angle
was ∼20◦ ). An event with such extreme interplanetary parameters has not been studied before in this context. (2) There was a huge asymmetry in the density (NMSH ∕NMSP ≈ 140). (3) When the in situ observations
started, the IMF had been northward pointing for 6 h. Thus, we are in the middle of a continuous lobe reconnection process. This is further veriﬁed, albeit in snapshot fashion, by the DMSP F13 satellite dusk-dawn
passes over the northern polar cap. Reverse convection was observed on all passes. Polar is thus seeing a
“mature” reconnection layer. Besides the huge density asymmetry, the traversal of the reconnection layer
occurred under an asymmetry in temperature (TMSH ∕TMSP = 0.38) and small asymmetry in the magnetic ﬁeld
(BMSH ∕BMSP = 0.85). The shear between the ambient ﬁelds was ∼155◦ , comparable in magnitude to the event
reported by Retinò et al. [2005]. In view of the large density asymmetry, we compare our observations with
the simulations of Tanaka et al. [2008].
Then we also consider the eﬀects of the guide ﬁeld on the structure of the reconnection layer by comparing our observations with PIC simulations of asymmetric reconnection in the presence of a guide ﬁeld
[Pritchett and Mozer, 2009]. As noted, the guide ﬁeld is expected to alter the Hall magnetic and electric ﬁeld
conﬁgurations and cause additional asymmetries north and south of the X-line.
The layout of this paper is as follows. Section (2) gives an overview of the interplanetary conditions using
data acquired by the Wind spacecraft. In section (3), we present typical DMSP F13 observations over the
northern polar cap. Section (4) gives an overview of the in situ data of multiple entries into the reconnection
layer. This is followed by a detailed study of one event, a complete inbound crossing. The eﬀects of the guide
ﬁeld on the Hall magnetic and electric ﬁeld structures as well as the electron behavior are considered in
section (5). We end with a summary and a discussion in section (6).

2. Interplanetary Observations: Wind
Figure 1 shows interplanetary plasma and magnetic ﬁeld data from the Solar Wind Experiment (SWE)
[Ogilvie et al., 1995] and Magnetic Field Investigation (MFI) [Lepping et al., 1995] on spacecraft Wind for the
interval 4–20 UT, 11 April 1997. The plasma data are at ∼90 s, and magnetic ﬁeld data are at 3 s temporal
resolution. Figure 1 (rows 1–11) displays the proton density (𝛼 particle-to-proton number density ratio in
percent in red with the scale on the right), bulk speed, temperature (the proton temperature in black, electron temperature in blue, and the expected proton temperature from the statistical analysis of Lopez [1987]
in red), pressure (proton pressure in black, electron pressure in blue, and the magnetic pressure in green),
dynamic pressure (including the 𝛼 particle contribution), the components of the magnetic ﬁeld in geocentric solar magnetospheric (GSM)system coordinates, total magnetic ﬁeld strength, proton 𝛽 , and the IMF
clock angle, i.e., the polar angle in the GSM YZ plane.
Wind was at an ideal location to monitor the eﬀects on the terrestrial MSP, because it was upstream of Earth
and close to the Sun-Earth line. At 12 UT, it was located at (230, 8, 22) Earth radii (RE ) in GSE coordinates.
MUZAMIL ET AL.
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Figure 1. Interplanetary plasma and magnetic ﬁeld data from SWE and MFI on spacecraft Wind for the interval 4–20 UT,
11 April 1997. (rows 1–11) The panels display the proton density (𝛼 particle-to-proton number density ratio in percent
in red with scale on the right), bulk speed, temperature (the proton temperature in black, electron temperature in blue,
and the expected proton temperature in red), the pressure (proton pressure in black, electron pressure in blue, and the
magnetic pressure in green), dynamic pressure, the components of the magnetic ﬁeld in GSM coordinates, total magnetic ﬁeld strength, proton beta, and the IMF clock angle. The blue vertical lines show the estimates of the interplanetary
coronal mass ejection (ICME) boundaries, 6–19 UT. Between the red lines is our identiﬁcation of the MC embedded in
the ICME.

With an average speed of 450 km/s, the convection delay time to the subsolar MP can be estimated as
∼53 minutes.
Wind was observing an interplanetary coronal mass ejection (ICME). The blue vertical lines show the estimates of the ICME boundaries, 6–19 UT as identiﬁed by Richardson and Cane [2010]. This transient was
identiﬁed among other features by a strong magnetic ﬁeld, low proton 𝛽 , and high values of density ratio
(𝛼∕p). The interval between the red lines is our identiﬁcation of a magnetic cloud (MC) embedded in the
ICME. The leading edge of the MC is located at the time when the proton temperature falls below the
MUZAMIL ET AL.
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Figure 2. DMSP F13 precipitation and ion drift for the time interval 11:15–11:42 UT (3 h before the event) on an approximately dusk-dawn orbit. (rows 1–5) The ion (dotted) and electron number diﬀerential ﬂuxes (cm−2 s−1 sr−1 ), the average
energy of the ions (dotted) and electrons (eV), color-coded electron and ion spectra in the 30 eV to 30 keV energy range,
and the horizontal (cross track, in black) and vertical (in green) ion ﬂow speeds (m s−1 ).

expected temperature while the trailing edge is drawn at the time when the proton temperature recovers
and the magnetic ﬁeld direction becomes variable. Deﬁning characteristics of a MC are a strong magnetic
ﬁeld (average ∼18 nT), a large and smooth rotation in the ﬁeld vector and a low proton temperature with
respect to expected values [Lopez, 1987], and low proton 𝛽 .
There are three major features that are of interest to us: the dynamic pressure proﬁle (row 5), the magnetic
ﬁeld behavior, and the clock angle. The dynamic pressure was high, well above typical values at 1 AU (of the
order of ∼2.2 nPa). It was also very variable, ranging from 2.5 nPa to 15 nPa. Note the sharp dynamic pressure
drop from 14 nPa to ∼4 nPa at 14 UT. Adding the 53 or so minutes convection delay to this, we would expect
the MP to experience a sudden inﬂation at around 14:53 UT. Correspondingly, any in situ measurements
being made at the MP would be expected to cease abruptly at this time. We have a strong magnetic ﬁeld,
with values reaching over 20 nT. IMF Bz was the dominant component, and it stayed strongly positive for
13 h. IMF By was more variable: it is mainly negative until 14 UT and mainly positive afterward. With an average clock angle of ∼20◦ throughout this interval, this is a case of a strong ﬁeld pointing strongly northward
for 13 h.

3. Direct Evidence of Continued Reconnection: DMSP F13
We now present measurements made by the Defense Meteorological Satellite Program (DMSP) F13 satellite to study the convection in the northern polar cap region. The F13 satellite followed a Sun-synchronous,
approximately dusk-dawn orbit at low altitudes. Figures 2–4 show plots of data acquired by three sensors on the F13 satellite. Figure 2 shows a pass which occurred about 3 h before the MP in situ data which
we present below were acquired (11:15–11:42 UT); the measurements in Figure 3 are during the event
(14:38–15:05 UT); and those in Figure 4 are 2 h later (16:19–16:46 UT) on 11 April 1997.
The panels show, from top to bottom, the ion (dotted) and electron diﬀerential number ﬂuxes (cm−2 s−1
sr−1 ), the average energy of the ions (dotted) and electrons (eV), color-coded electron and ion spectrograms
MUZAMIL ET AL.
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Figure 3. DMSP F13 precipitation and ion drift for the time interval 14:38–15:05 UT (during the event). Panels same
as Figure 2.

in the 30 eV to 30 keV energy range, and the horizontal (cross-track, in black) and vertical (in green) ion ﬂow
speeds (m s−1 ).
When F13 passed the Northern Hemisphere and reached the very high latitude polar cap at 14:51 UT
(Figure 3), we note that the cross-track component showed a clear sunward ﬂow which reached up to
1 km/s. At lower latitudes the ﬂow was antisunward. Similarly, a very clear sunward ﬂow of approximately
2 km/s was seen in Figure 2 when F13 approached ∼82◦ magnetic latitude(MLAT) at 11:28 UT, and a sunward ﬂow, greater than 1 km/s was seen in Figure 4 when F13 approached ∼86◦ MLAT at 16:32 UT. These
ﬂow patterns are all cases of reverse convection [Maezawa, 1976; Crooker, 1992]. This ionospheric signature
of reconnection poleward of the cusp persisted throughout the whole interval of northward IMF. During its
observation of the reconnection layer between 14:30 and 15:00 UT, Polar was seeing a reconnection process
which had been ongoing for hours.
From row 3 in Figures 2–4 we note that in the polar cap the electron precipitation was sporadically very
intense. It rose to very high energies up to 1 keV and was also inhomogeneous. Note also the presence of
energetic ion bursts at 14:52 UT. This type of precipitation is often referred to as a “polar shower” [Shinohara
and Kokubun, 1996]. It is very diﬀerent from the homogeneous electron precipitation arising from dayside reconnection at low latitudes and called the “polar rain” [Fairﬁeld and Scudder, 1985], which is typically
devoid of ion precipitation.

4. In Situ Observations: Polar
4.1. Overview of Multiple Crossings
At 14:00 UT Polar was located at (3.12, 1.58, 7.61) RE (GSM). During the time when in situ MP observations
were obtained, Polar was at 79.8◦ MLAT at 14:30 UT and had reached 81.1◦ MLAT by 15:00 UT. The MLT range
was 17–18 h; i.e., Polar was at duskside high latitudes at the poleward side of the northern cusp.
We used data from the Magnetic Field Experiment (MFE) [Russell et al., 1995], proton and electron data
from the HYDRA instrument [Scudder et al., 1995], and the densities derived from the spacecraft potential
[Harvey et al., 1995]. Figure 5 gives an overview of observations Polar made in the interval 14:30–15:00 UT.
MUZAMIL ET AL.
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Figure 4. DMSP F13 precipitation and ion drift for the time interval 16:19–16:46 UT (2 h after the event). Panels same
as Figure 2.

The panels show, from top to bottom, the electron density from the spacecraft potential (6 s resolution), proton temperature (13.8 s resolution), the components of the velocity vector (13.8 s resolution), the total bulk
speed, the components of the magnetic ﬁeld (13.8 s resolution) in GSM coordinates, and total ﬁeld strength.
The plot shows that Polar made two complete MP crossings: an outbound crossing from 14:30 to 14:36 UT
and an inbound crossing from 14:52 to 14:55 UT. During the outbound crossing, the spacecraft started in a
regime on the poleward edge of the cusp characterized by Bx > 0, Bz < 0 with low density and high temperature and went to a dense and cold regime where Bx < 0, Bz > 0. These regimes correspond to the MSP
and MSH, respectively. During the inbound crossing at ∼14:52 UT, Polar moved from a regime with Bx < 0,
Bz > 0 (MSH) to a regime with Bx > 0, Bz < 0 (MSP). After the inbound crossing, observations of reconnection signatures stopped. Subsequently, no further reconnection signatures were seen and the spacecraft
stayed in the MSP. As noted before, the convection delay time was estimated to be ∼53 min. We noticed a
sharp dynamic pressure drop at 14:00 UT at Wind (Figure 1, row 5). This would then arrive at Polar’s location
at roughly 14:53 UT, which coincides closely with the time of the inbound crossing noted here. This is in very
good agreement with Polar’s exit from the MP environment. Note the magnetic ﬁeld rise coincident with the
density minimum at ∼14:31 UT on the outbound pass. This feature was also seen on the inbound pass. The
main focus of this paper is to examine this inbound crossing in detail.
In between the two complete crossings, Polar evidently made several partial entries from the MSH to the MP
boundary layer, i.e., not entering to the MSP proper, during the interval 14:42–14:48 UT (green bar). This is
suggested by the density dips (not as low as the MSP) as well as ﬂuctuations in the magnetic ﬁeld, including
strong ﬁeld depressions. Note that the temperature increased during these partial crossings but did not
reach MSP values. Note also the two-humped total velocity proﬁle (row 6) and total magnetic ﬁeld proﬁle
(row 10), suggesting that the spacecraft had crossed into the reconnection jet from the MSH side but had
not progressed as far as the MSP proper. Accordingly, for most of the interval in Figure 5, the spacecraft was
in the MSH with its high density of ∼14 cm−3 . The Alfvén Mach number when Polar observed the MSH ﬂow
was 0.2–0.3 (not shown); i.e., the MSH ﬂow was sub-Alfvénic. After ∼14:54 UT the spacecraft was in the MSP,
as demonstrated by the plasma density of ∼0.1 cm−3 , the magnetic ﬁeld orientation, and the low velocity.
MUZAMIL ET AL.
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Figure 5. Plasma and magnetic ﬁeld data from the HYDRA and MFE instruments, and density from spacecraft potential,
on Polar for the period 14:30–15:00 UT. (rows 1–10) The panels show the electron density, proton temperature, GSM
components of bulk speed, total bulk speed, GSM components of magnetic ﬁeld, and total ﬁeld strength. Reconnection
jets are indicated by the red labels 1–3, while the partial crossings are shown by the horizontal green bars.

During the intervals 14:30–14:35 UT, 14:42–14:46 UT, and 14:52–14:54 UT, Polar observed accelerated sunward and southward ﬂows (Vx > 0, Vz < 0) that reached up to ∼500 km/s and are marked by the red labels,
1–3. These are the reconnection jets. The strong sunward ﬂows are preceded by weaker antisunward ﬂows
in the MSH, (for example, 14:47–14:50 UT) with Vx < 0, Vz > 0 of roughly equal strength (∼100 km/s). They
are in the direction of the MSH ﬂow. If they were counter streaming ﬂows due to reconnection they would
MUZAMIL ET AL.
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Figure 6. (rows 1–9) The components of the convection electric ﬁeld −Vi × B in black and the spin averaged, measured
electric ﬁeld in red (GSM) for the period 14:30–15:00 UT. Underneath each component panel is plotted the diﬀerence
between the two. Figure 6 (row 9) shows the 𝛿i parameter.

be stronger; they are too weak to be jet reversals. We therefore interpret these ﬂow data as Polar traversing
the reconnection layer earthward of the X-line.
We now advance plausible evidence of entries into the ion DR during these crossings. One diagnostic for
this is given by the adiabatic expansion parameter,√𝛿i [Scudder et al., 2008; see also Maynard et al., 2012]. This
|E +V ×B|
quantity is deﬁned as 𝛿i ≡ ⟂w iB where w⟂i ≡ 2kT⟂i ∕mi represents the mean thermal speeds of ions.
⟂i
Quantity 𝛿i is therefore the ratio of perpendicular electric to magnetic force experienced by a thermal particle in the ﬂuid′ s rest frame. If 𝛿i ≪ 1, the ions are magnetized, and thus, their motion is described well by
the guiding center theory, and the magnetohydrodynamic (MHD) approximation to the generalized Ohm’s
law applies. Figure 6 shows in GSM coordinates the components of the convection electric ﬁeld −Vp × B in
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black and the spin averaged, measured electric ﬁeld in red. Underneath
each component panel is plotted the
diﬀerence between the two. Figure 6
(row 9) then shows the 𝛿i parameter.
It reaches and even exceeds values
of ≳1 at the crossings. Thus, at these
times the ion DR is crossed. Everywhere else in the interval 𝛿i is small,
and we can reasonably assume the ions
are magnetized.
In Figure 7, we draw a cartoon to qualitatively visualize Polar’s orbit relative
to the reconnection layer. The MSH and
MSP regimes are labeled in red. The
MSH ﬁeld lines are shown in purple,
while the MSP ﬁeld lines are in black.
The trajectory during the time interFigure 7. Cartoon interpreting the trajectory of Polar making several
val 14:30–15:00 UT is marked by green
entries to the reconnection layer on one side of the X-line. The start and
arrows, starting at the label S and endend of the trajectory during the time interval 14:30–15:00 UT are marked
ing at the label E. The thick blue arrow
by S and E, respectively.The MSH and MSP are labeled in red. The MSH
shows the reconnection jets. The traﬁeld lines are in purple, and the MSP ﬁeld lines are in black. The thick
blue arrow shows the reconnection jets. The electron ﬂow is shown by
jectory relative to the reconnection
the dotted red line.
layer was determined by the density,
magnetic ﬁeld orientation, and bulk
velocity. The ﬁgure contains further information which will be described below.
4.2. An Event With Extreme Density Asymmetry
Our focus is now on the complete inbound crossing. We present Polar observations for the 4 min interval
14:50:30–14:54:30 UT. We use high-resolution data from MFE (∼8 Hz) and Electric Field Investigation (EFI)
[Harvey et al., 1995] (∼41 Hz) instruments. We rotated the coordinate system from GSM to boundary normal coordinates, LMN [Russell and Elphic, 1978]. To do this we obtained the MP normal N by forming a cross
product between the ambient MSH and MSP ﬁelds, taking averages over 14:50:00–14:50:30 UT for the former and 14:53:45–14:54:15 UT for the latter. We obtained N = (0.840, −0.021, 0.541); i.e., N points mainly
sunward and northward. Using N, we formed a right-handed triad, LMN. Unit vectors in the L and M directions are tangential to the local MP surface in such a way that the LN plane contains GSM Z axis. Finally,
we obtained the unit vectors in GSM coordinates: L = (−0.541, 0.013, 0.841), i.e., mainly northward and
antisunward, and M = (−0.025, −0.999, 0), i.e., pointing westward.
The EFI instrument measures three components of the electric ﬁeld through three sensors arranged orthogonal to each other; two sensors on the spin plane and the one on the spin axis. The on-axis booms are
closer to the spacecraft and thus are more sensitive to the spacecraft potential and the plasma environment
around the spacecraft. To get rid of an oﬀset, we discarded the on-axis measurements and obtained the
third component using an assumption: we reconstructed the third component by assuming that there are
no ﬁeld-aligned potential drops, i.e., the parallel electric ﬁeld is zero, E ⋅ B = 0, which is a valid assumption
for the time scales considered. However, the results from this assumption become less trustworthy when the
magnetic ﬁeld is too weak [see Eastwood et al., 2007].
Figure 8 shows the Polar observations from 14:50:30 to 14:54:30 UT. Figure 8 (rows 1–11) shows the electron
density on a log scale, electron density on a linear scale, the LMN components of the magnetic ﬁeld, the
total magnetic ﬁeld strength, ion outﬂow bulk velocity in the L direction ViL , the LMN components of the
electric ﬁeld, and the total electric ﬁeld. The red traces in Figure 8 (rows 8–10) represent the components of
the convection electric ﬁeld.
The ambient MSH and MSP are labeled in red. We took the averages of the ambient density in the MSH from
14:50:00–14:50:30 UT, and in the MSP, from 14:53:45 to 14:54:15 UT and obtained a ratio of NMSH ∕NMSP ≈
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Figure 8. Plasma, electric ﬁeld and magnetic ﬁeld data from HYDRA, EFI, and MFE instruments on Polar for the period
14:50:30–14:54:30 UT at high resolution. (rows 1–11) The plots show the electron density in log scale, electron density in
linear scale (derived from the spacecraft potential), LMN components of magnetic ﬁeld, total magnetic ﬁeld, L component of the proton bulk velocity, and LMN components of electric ﬁeld and total electric ﬁeld. The ambient MSH and MSP
are labeled in red. The black dotted vertical lines indicate the separatrices while the blue vertical line marks the complete
inbound crossing (BL polarity change). The density dip regions at the SR on the MSH and the MSP side of the MP marked
by the green horizontal bars. The red traces in Figure 8 (rows 8–11) represent the convective electric ﬁeld.
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140. This is thus a case of a very pronounced density asymmetry. By contrast, the ambient magnetic ﬁeld
strength ratio is BMSH ∕BMSP = 0.85 and there is a magnetic shear of 155◦ between the MSP and MSH ﬁelds.

The ﬁrst and third vertical guidelines bracket the region where the reconnection signatures are seen. The
blue guide line at 14:52:07 UT marks the deﬁnitive CS crossing where BL reverses polarity. This reversal took
4 s. In the interval shown, the spacecraft started at the high-density MSH (average ∼14 cm−3 ), encountered a
density dip region at 14:51:15 to 14:51:45 UT (ﬁrst green bar, row 2), a strong negative gradient and another
density dip region at 14:53:03 to 14:53:33 UT (second green bar, row 1) before it recovered to the low-density
MSP value (average ∼0.1 cm−3 ). The two density dips help deﬁne the two separatrices. This identiﬁcation
is further conﬁrmed by the fact that the vertical guidelines form boundaries between quiet and turbulent
electric ﬁelds [Mozer et al., 2002; Andrè et al., 2004; Khotyaintsev et al., 2006]. Note that the declining density
proﬁle occurred after the BL polarity reversal (blue vertical line) without any overlap, as did also the ﬂow jet.
Importantly, this decreasing density proﬁle was interrupted for 30 s from 14:52:30 to 14:53:00 UT by a clear
ﬁeld and ﬂow feature that we discuss further below.
There are apparent temporal variations, in particular, on the MSH side of the CS. For example, BL made two
brief excursions to negative values at 14:51:37 UT and 14:52:00 UT before the deﬁnitive BL polarity change.
Note that |E| = 0 at these times. Recall also that the solar wind dynamic pressure was variable. It is likely that
Polar was observing temporal ﬂuctuations produced in the interplanetary medium.
The ﬁgure furnishes compelling observational evidence of a huge contrast between the MSH side and the
MSP side of the CS. Soon after the spacecraft crossed over to the MSP side of the CS, a sunward and southward pointing ion jet that reached up to 500 km/s was seen. This occurred at the sharp density gradient on
the MSP side (row 1) of the CS.
In the electric ﬁeld data (rows 8–11) the two black vertical dotted lines delimit the region of strong electric
ﬁeld activity, as noted. We identiﬁed these as the separatrices. All components of the electric ﬁeld ﬂuctuations were clearly larger on the MSP side of the CS than on the MSH side. The electric ﬁeld strength reached
values of 60 mV/m. Most of the activity was in the normal component of the electric ﬁeld, EN . The EN component has a clear polarity change from smaller (negative) to larger (positive) where we identiﬁed the CS
crossing (blue vertical line); i.e., EN is pointing toward the CS on both sides. These are the Hall electric ﬁelds.
The largest ﬂuctuations occurred when the spacecraft traversed the jet, where EN peaked at 60 mV/m during the strong density gradient. Note that EL was the least perturbed component and was essentially 0
throughout the interval.
There was an isolated peak in electric ﬁeld activity associated with the start of the density dip region on
the MSH side, where EN reached up to 30 mV/m in the negative direction. On the MSP side, in middle of the
extended density dip region, there was an isolated peak with positive EN reaching 45 mV/m.
The out-of-plane BM is mainly positive on both sides of the CS but ﬂuctuated more on the MSH side. In the
density dip region on the MSH side of the MP (ﬁrst green bar), there was an excursion of BM to large negative
values, lasting for ∼13 s. This is coincident with the total magnetic ﬁeld depression and |E| ≈ 0.
A pronounced feature of the data was observed during the negative density gradient from 14:52:38 to
14:52:52 UT. Here the ﬂow was attenuated to ∼200 km/s (in the spacecraft frame) and the density rose to
7 cm−3 . Interestingly, the magnetic ﬁeld executed clear deﬂections with a bipolar signature in BN whose
peak-to-peak amplitude was 25 nT. Simultaneously, there were unipolar deﬂections in BL and BM . In addition,
the electric ﬁeld has a clear depression, essentially vanishing at the center of the interval. We return to this
feature in the section 6.

5. Eﬀect of the Guide Field
Figure 9 shows measurements made by the HYDRA instrument [Scudder et al., 1995]. From top to bottom
the ﬁgure shows a spectrogram of the diﬀerential energy ﬂuxes (as a function of time with the energy color
coded) for electrons and ions, the electron skew and the electron anisotropy for the period 14:00–15:00 UT.
The data have been corrected for spacecraft potential eﬀects. The electron skew and anisotropy are
J
J +J
moments of the distribution functions deﬁned as J || and ||2J −|| , respectively, where J|| is the current density
−||
⟂
aligned with the ﬁeld, J−|| is the current density opposite to the ﬁeld, and J⟂ is the current density perpendicular to the ﬁeld. Accordingly, the electron skew indicates whether the particles moving parallel to the
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Figure 9. Diﬀerential energy ﬂuxes (as a function of time and energy) for electrons and ions, electron skew (indicates whether particles are aligned or opposed to the magnetic ﬁeld), anisotropy (indicates whether particles are
perpendicular or parallel to the magnetic ﬁeld), from the HYDRA instrument for the period of 14:00–15:00 UT.

ﬁeld are aligned or opposed to it. The anisotropy indicates whether the electrons are moving mostly perpendicular or parallel to magnetic ﬁeld. We notice very detailed ongoing electron dynamics at the same time as
the crossings.
The outbound crossing at 14:30–14:36 UT, the shorter inbound crossing 14:52–14:55 UT and the partial
crossings 14:42–14:48 UT are clearly observed in the electron and ion spectra as enhancements in the
intensity of higher energy particles (above ∼200 eV for electrons, above 4 × 103 eV for ions).
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The skew at the MSH separatrix at 14:51:10 UT of high-energy electrons (100 eV–1 keV) is blue and at lower
energy is red (< 100 eV), while the anisotropy is red. This indicates that the high-energy electrons are ﬂowing opposed and parallel to the ﬁeld, while the low-energy electrons are ﬂowing aligned and parallel to the
ﬁeld and toward the X-line. The skew at the MSP separatrix at 14:53:30 UT of the high-energy electrons (> 1
keV) is red and the low-energy electrons (< 100 eV) are yellow while the anisotropy is red; i.e., the electrons
are ﬂowing aligned and parallel to the magnetic ﬁeld and away from the X-line. The ﬂow of the electrons are
shown by red traces in Figure 7. On the side of the X-line where Polar is crossing, this electron ﬂow creates
the out-of-plane Hall magnetic ﬁeld BH which points in the negative M direction (The electron ﬂow shown
by the red traces on the tailward side of the X-line are drawn from expectations of bipolar Hall ﬁelds and not
from observations.)
Taking the average of the ambient ﬁelds of the MSH and MSP in the out-of-plane M direction, we have an
average guide ﬁeld of ∼30 nT (see Figure 8 (row 4)), which is ∼25% of the total ﬁeld. We recall that Polar’s
position is on the sunward side of the X-line (Figure 7). The guide ﬁeld, BG , points opposite to the Hall
magnetic ﬁeld, BH .
The measured BM is the sum of the two, BM = BG + BH . Figure 8 showed that the measured BM is unipolar and mostly positive on both sides of the CS. The guide ﬁeld BG acts to weaken the Hall ﬁeld, making
the out-of-plane BM change sign at one point. This is clear evidence that the guide ﬁeld has distorted the
expected Hall magnetic ﬁeld structure. Also note that near the MSH separatix, there is an interval where BM
has opposite polarity (negative) and exceeds the guide ﬁeld BG .

6. Summary and Discussion
6.1. Summary
In this paper we have presented Polar observations of processes at a high-latitude magnetic reconnection
site on the poleward edge of the cusp, on 11 April 1997. We have provided interplanetary observations
through the Wind spacecraft, which was at an ideal location to monitor the solar wind. We have an exceptional case of a strong IMF pointing strongly northward for 13 h. Through DMSP data, we also provided
direct evidence of continued reconnection through ionospheric ﬂows at high latitudes. The spacecraft
recorded continuous reverse convection in the northern polar cap for 12 h during the time period when
Wind observed strong northward IMF (BZ ≈20 nT).
Through an overview of the ion and magnetic ﬁeld behavior, we showed that Polar made several encounters with the reconnection layer. It made two complete MP crossings, one outbound and one inbound,
and encountered sunward/southward ﬂowing jets. Since the antisunward ﬂows were too weak to be a
jet reversals, i.e., their speeds were not higher than the MSH ﬂow, we concluded that Polar traversed the
reconnection layer earthward of the X-line.
We then focused on the last, inbound crossing. This was an event with a density asymmetry of over 2
orders of magnitude NMSH ∕NMSP ≈ 140. To the best of our knowledge, an event with such a high-density
asymmetry has not been analyzed before either in observations or in simulations.
We also analyzed the electron behavior during our interval of interest through the diﬀerential energy ﬂuxes,
electron skew, and anisotropy obtained from HYDRA. We provided evidence of low-energy electrons moving from the MSH separatrix to the MSP separatrix. The associated current densities are the source of the Hall
magnetic ﬁeld structure, which pointed opposite to the guide ﬁeld.
There was a clear contrast in ﬁelds and particle behavior before and after the BL reversal. Most activity was
located between the CS and the MSP separatrix: (i) very strong electric ﬁelds (up to 60 mV/m), (ii) the sunward ﬂow was located on the MSP side, (iii) the electric ﬁeld component (EN ) had larger values, and (iv) EN
had a clear bipolar structure, changing sign at the BL reversal.
We also found two density dip regions at the start and the end of the reconnection layer encounter, one on
the MSH separatrix and one on the MSP separatrix. At these density depressions we noted isolated peaks
in EN pointing toward the CS. The two density dips bracketed the interval where there was electric ﬁeld
ﬂuctuations. They thus served as good indicators of the separatrices.
During this crossing, a strong Vy component is seen (Figure 5, row 4). We therefore examined how much of
the EN component may be due to the convective electric ﬁeld by plotting −Vp × B in Figure 8 in LMN coordinates (red traces). We overlaid this result on the measured electric ﬁeld to compare the two. The values of
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the N component of the −Vp × B are a small fraction of the high values of the electric ﬁelds seen, especially
on the MSP side. Further, it does not reproduce the localized peaks in EN seen at the density depletions. From
this we believe that most of the electric ﬁeld is Hall-related and not due to the convective electric ﬁeld.
We advanced a plausibility argument that Polar crossed the ion DR because the magnetization condition, 𝛿i ≈ 0, is not satisﬁed. Other considerations are consistent with this conclusion. First, according to
Eastwood et al. [2010], “one of the most signiﬁcant signatures [of the ion DR] is in fact the total DC electric
ﬁeld (which is in large part dominated by the Hall electric ﬁeld), which can attain peak values of several tens
of millivolts per meter.” Such strong ﬁelds were observed by Polar. Second, there was evidence of Hall electric ﬁelds pointing toward the CS. This direction is consistent with expectations for the ion DR [e.g., Tanaka
et al., 2008]. Finally, despite having data from a single-spacecraft crossing on one side of the X-line, a qualitative argument that the spacecraft is not too far from the X-line is based on the ﬂow speed. The observed
ﬂows are sub-Alfvénic. Using the equation for outﬂow speed derived by Cassak and Shay [2007, equation
14], for symmetric magnetic ﬁelds and asymmetric densities, the maximum ion ﬂow in our event was
500 km/s or 0.58 VAlfvén . Nevertheless, we point out that these are in the nature of plausibility arguments.
This is because there is no absolute criterion for identifying the ion DR.
6.2. Structure of the Ion Diﬀusion Region
We now discuss how the structure of the ion DR depends on the size of the density asymmetry. Much attention has recently been directed to various aspects of the ion DR, motivated by the seminal work of Cassak
and Shay [2007], who performed a Sweet-Parker-type analysis that predicted the scaling of the reconnection rate, outﬂow speed, and the structure of the DR, i.e., width, shape and location of the X-line relative
to the stagnation line. Below we shall focus on the following four points: (i) eﬀect on the Hall ﬁelds, (ii)
reconnection rate, (iii) separation of the X-line and stagnation line, and (iv) width of the ion DR.
1. As discussed in section 1, Mozer et al. [2008a] examined the eﬀect that a density asymmetry has on the
Hall ﬁelds. The authors studied an inbound crossing of the dayside MP made by three THEMIS (The Time
History of Events and Macroscale Interactions during Substorms) spacecraft. The density asymmetry
between the two regions was 25, i.e., modest compared to the asymmetry reported in this paper. The
B
guide ﬁeld was 20 nT (40% of the total magnetic ﬁeld). The ratio nz was 50 on the MSP side and only 0.4
on the MSH side. Correspondingly, the Hall electric ﬁeld observed was 8 mV/m on the MSP side and was
B
insigniﬁcant on the MSH side. The nz ratio in our case is higher than this on both sides of the CS, and
thus, the Hall electric ﬁelds should be stronger than those reported in Mozer et al. [2008a]. And this is
indeed observed.
2. A very important eﬀect of density asymmetry is its inﬂuence on the reconnection rate. Using 2-D compressible MHD simulations with anomalous resistivity, Borovsky and Hesse [2007] found that for symmetric
magnetic ﬁelds on both sides of the CS, the rate of magnetic reconnection decreases with increasing
density asymmetry. They plotted the reconnection rate as a function of the density ratio, for ratios up to
∼300 (see their Figure 5). For equal densities, the normalized reconnection rate had a value of ∼0.16. For
a density ratio of 10 and 100, the reconnection rate had dropped by a factor of ∼2 and ∼8, respectively.
Similarly, in their 2-D PIC simulations with no guide ﬁeld, Tanaka et al. [2008] studied the reconnected
magnetic ﬂux as a function of time for cases with density ratios of 1 and 10 (see their Figure 11). For the
symmetric case, the growth rate was faster and the saturation level was higher than the asymmetric case.
We now consider theoretical calculations [Cassak and Shay, 2007] for four diﬀerent density ratios, spanning a wide range: (i) ratio = 1, i.e., no asymmetry; (ii) ratio = 10; (iii) ratio = 30; and ﬁnally our case, (iv) ratio
= 140. We use(the theoretical
scaling relation for the reconnection rate as derived by Cassak and Shay,
)
B B
B1 B2 B1 +B2
2
∼ 4𝜋
. Here subscript 1, 2 refer to MSH and MSP, respecnamely, E ∼ B 1+B2 vout 2𝛿L , with vout
𝜌 B +𝜌 B
1

2

1 2

2 1

tively. We keep 𝜌1 ﬁxed and vary 𝜌2 . We take the aspect ratio 𝛿L = 0.1. Applying this to the four cases, we
obtain, E = 0.1, 0.03, 0.02, 0.01; i.e., E decreases with increasing density asymmetry.
3. In our data, we noted that the density gradient occurs after the BL reversal. This separation has a theoretical background. A general feature of asymmetric reconnection is that the stagnation point and the
X-line is not colocated [Cassak and Shay, 2007, 2009; Birn et al., 2008]. This reﬂects an earlier result by Levy
et al. [1964] who extended Petchek’s earlier analysis. Originally, Petschek [1964] had postulated only a slow
shock to do most of the energy conversion in reconnection. In Levy et al. [1964], they addressed the issue
as to what happens under asymmetric density and magnetic ﬁelds. The result was that the slow shock
splits into rotational discontinuity (i.e., CS) and a slow expansion fan. This separation is not only a property
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of the ion DR; i.e., it can be observed even outside it [see Levy et al., 1964, Figure 3]. Indeed, in simulations
of Nakamura and Scholer [2000], they observed this separation in the exhaust region far away from the DR.
Let us now compare our observations on this with theoretical expectations. To ﬁx ideas, let us take a
geometry of the DR similar to that of Figure 1 of Cassak and Shay [2007]. We calculate the values for the
𝛿
B
relative distances of the interior structure as given by their equations (26) and (27). We obtain 𝛿X2 ∼ B2 =
𝛿

X1

𝜌 B

1

1.13 and 𝛿𝜌2 ∼ 𝜌2 B1 = 0.006. Parameters 𝛿X1 and 𝛿X2 are the distances from the corresponding upstream
𝜌1
1 2
edges of the DR to the X-line and, similarly, 𝛿S1 and 𝛿S2 are the distances from the edges to the stagnation point. Thus, according to these calculations, the X-line has shifted very slightly to the MSH side and is
located almost at the center of the DR. This is because the MSH and MSP have almost equal magnetic ﬁeld
strength. The stagnation point, however, is displaced to the MSP side and by a considerable amount.
4. We next turn to the width of the DR. Cassak and Shay [2009] derived the half-thickness of the DR in their
(
)1∕2
(√
√ )
m2p
B1
B2
equation (17), i.e., 𝛿 ∼ 12
+
where
the
ion
inertial
length
d
=
and
d
out
out
B
B
4𝜋e2 𝜌
2

1

out

𝜌 B +𝜌 B

outﬂow mass density, 𝜌out ∼ 1 B2 +B2 1 . We have 𝜌1 = 14.2 × 106 × mp kg m−3 , B1 = 98.5 × 10−9 T,
1
2
𝜌2 = 0.1 × 106 × mp kg m−3 and B2 = 111.7 × 10−9 T. We then obtain a DR width of about 166 km. This is
about two ion inertial lengths and ∼ six proton Larmor radii. In this context we mention that in their comparisons of THEMIS data with PIC simulations with density ratios varying from 10 to 30, with a guide ﬁeld,
Mozer et al. [2008b] found the thickness of the current sheet to be of order a few di .
6.3. Comparison With Observations and Numerical Simulations
We now compare our observations to the event reported by Retinò et al. [2005, 2006]. In their example of an
outbound crossing of a reconnection layer poleward of the cusp under northward IMF, on the 3 December
2001, the ambient ﬁelds were approximately antiparallel (zero-guide ﬁeld) with a density asymmetry ∼10
(NMSH ∕NMSP = 10). (Refer to Figure 1 in Retinò et al. [2006], also seen in more detail in Figure 1 of Tanaka et al.
[2008]). The 3 December 2001 event was an outbound pass.
Proceeding from the MSP to the MSH side of the CS, Retinò et al. [2006] subdivided the separatrix region
(SR) on the MSP side of the MP into three distinct adjacent regions indicated in the paper by the yellow,
magenta, and blue layers. The ﬁrst regime (yellow layer) was then separated into three subregions based
on density, electric ﬁeld and magnetic ﬁeld activities, and a “bulge” region. The ﬁrst subregion was a sharp
density cavity adjacent to the MSP separatrix that coincided exactly with the EN peak of ∼40 mV/m. In the
second subregion, the density increased gradually over the MSP level while EN decreased. A sharp density gradient that brought the density up to MSH values and electric ﬁeld ﬂuctuations that showed strong
emissions around the lower hybrid frequency range formed the third subregion.
The next regime (magenta layer) lasting ∼14 s highlighted the main part of the tailward jet which reached
a maximum speed of ∼500 km/s. The last regime (blue layer) showed the CS as a rotational discontinuity where BL changed sign from positive to negative with nonzero BN which lasted for 5 s. The CS crossing
overlapped the trailing edge of the jet.
We see all these regimes in our event but not necessarily in the same order. For comparison purposes,
proceeding from the MSP side in Figure 8 (right to left), we ﬁrst saw an extended density dip region
(second green bar) lasting for 22 s, with a peak in EN that reached 45 mV/m. While Retinò et al.’s [2005] EN
peak is localized exactly at the density dip in the SR, we did not see direct correspondence due to the longer
extended cavity in our event. Afterward, we saw a sharp density gradient which lasted ∼70 s with very high
ﬂuctuations (wavy behavior) in the electric ﬁeld strength. This is much stronger wave activity than in the
3 December 2001 event.
We do not see a gradual increase in density, the region that was labeled as subregion 2 in Retinò et al.’s 3
December 2001 event, but rather a sudden peak in the density gradient. This is due to the special feature
that was noted in section 4.2. We noted that the entire ion reconnection jet coincides in time with this sharp
density gradient. The rotational discontinuity (BL reversal) followed. The reconnecting magnetic ﬁeld BL
reversed at 14:52:07 UT; meanwhile, the peak of the ion jet interval was at 14:52:15–14:52:40 UT. There was
no overlap between the jet and the CS crossing. The greater bias that the data show may be attributed to
the higher-density ratio that our event has (140 versus 10). If we were to color code our event as Retinò et al.
[2006] did, the region classiﬁed as subregion 3 (the sharp density gradient), and “bulge” region in the ﬁrst
regime would overlap with the second regime where the tailward jet was observed.
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In our case the duration of the density gradient is ∼70 s, much longer than on the 3 December 2001 event.
This may be an indication that the boundary layer is wider. This may, in turn, be due to the long duration
(∼13 h) of ongoing reconnection.
We compare the results obtained for a density asymmetry = 10 with our results. Assuming equal magnetic
𝛿
B
ﬁeld strengths in the upstream regions, the ratios for the event Retinò et al. reported are 𝛿X2 ∼ B2 = 1 and
𝛿𝜌2

X1

𝜌 B

1

∼ 𝜌2 B1 = 0.1. Thus, the X-line would be exactly at the center, but the stagnation line would be shifted
1 2
toward the MSP but not by the same amount as for the higher-density asymmetry. In our example the ∼140
density asymmetry causes the stagnation line to be displaced 10 times more toward the MSP side that in the
case of the moderate density asymmetry.
𝛿𝜌1

Next we compare our observations to the simulations of Tanaka et al. [2008], who provided a comparison between virtual observations in 2-D PIC simulation results and the Cluster MP crossing on 3 December
2001 reported by Retinò et al. [2005]. The emphasis was on the density asymmetry. The key features in the
observations that were used to set the initial conditions were (1) the reconnecting magnetic ﬁelds were
approximately antiparallel and the magnitudes on both sides were the same. (2) The density proﬁle was
asymmetric, with NMSH ∕NMSP = 10. (3) The ion outﬂow in the MP results from the reconnection jet. The simulation reproduced the observed features in the 3 December 2001 event, namely, (1) the prominent density
dip region detected at the SR on the MSP side of the MP, (2) the intense EN pointing to the center of the MP
at the location where the density dip is located, (3) the ion bulk outﬂow was biased toward the MSP side,
and (4) the out-of-plane BM had a bipolar structure.
Our results are in good agreement with these predictions in so far as they refer to the density asymmetry.
We are able to see both density cavities, on the MSP as well as the MSH separatrix (see the green bars in
Figure 8 (rows 1 and 2)). The ion jet is biased strongly toward the MSP side of the CS.
We now consider the eﬀects of the guide ﬁeld. Pritchett and Mozer [2009] used 2-D PIC simulations to examine the reconnection layer at the subsolar MP in the presence of a guide ﬁeld on top of a density asymmetry.
The coordinate system used in the simulations had X directed from the MSH side toward the MSP side of
the current layer, Y is directed dawnward, and Z is directed northward. The density asymmetry across the
current layer was 10 (NMSH ∕NMSP = 10) while the reversing magnetic ﬁeld ratio was 3 (BMSH ∕BMSP = 0.33).
The initial guide ﬁeld was equal to the MSH Bz ﬁeld, giving a magnetic shear 117◦ .
The most signiﬁcant eﬀect of the guide ﬁeld was to introduce a distinct north-south asymmetry about the
X-line. The electron ﬂows from the high-density (MSH) to the low-density (MSP) side of the CS dominated
the in-plane Hall currents which, in turn, strongly enhanced the out-of-plane By ﬁeld on one side of the
X-line (northward for a dawnward directed guide ﬁeld) and decreased it on the other side. On the weakened
ﬁeld side (in the case considered in that paper, this is southward of the X-line), there was a weakening of the
Hall out-of-plane ﬁelds, and the presence of bipolar electric ﬁeld with a sharp increase at the separatrix (see
their Figure 5). On the enhanced magnetic ﬁeld side (the northward side of the X-line) there was a bipolar
pair of electric ﬁelds and an electron velocity shear ﬂow layer, structures not present on the other side (the
southern side of the X-line). Here we are interested in the weakened side of the X-line.
Referring to our event, as expected in asymmetric reconnection, as BL changes sign, the out-of-plane magnetic ﬁeld, BM , is mostly positive on both sides of the crossing indicating a unipolar structure, apart from
one excursion to negative values. This is consistent with the trajectory of Polar traversing one side of the
X-line. We do not see any pronounced diﬀerences in strengths when comparing the magnetic ﬁeld BM on
either side of the CS. In addition, as argued above, the guide ﬁeld pointed opposite to the Hall magnetic
ﬁeld which weakened the out-of-plane BM component. This is exactly what was seen in the simulations.
Interestingly, at the MSH SR (ﬁrst green bar in Figure 8) of the event we report, BM was ∼50 nT in the negative
direction and lasted for ∼13 s. This was coincident with the total magnetic ﬁeld depression and electric ﬁeld
going toward 0. A similar BM reversal is also reproduced in the simulations. As Pritchett and Mozer [2009]
state, “the By magnitude is substantially reduced, and the ﬁeld even changes sign in a small region inside
the MSH separatrix.”
The simulations predict that the electric ﬁeld should be dominated by the strong MSH-directed normal component, EN . The other components should be much weaker, as we also observe. In our case, the electric ﬁeld
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reaches up to 60 mV/m on the MSP side and isolated peaks at the MSH and MSP separatrices with values of
30 mV/m and 45 mV/m, respectively.
As noted in the end of section 4.2, we noticed an unusual feature in the exhaust region which occurred
during the negative density gradient, i.e., when the spacecraft was traversing to the MSP side. Here the
ﬂow was attenuated and the density increased. The magnetic ﬁeld had a clear bipolar signature in BN with
peak-to-peak amplitude ∼25 nT and simultaneous deﬂections in BL and BM which lasted for 40 s. The magnetic component signature and its duration are similar to that of an FTE [Russell and Elphic, 1978] and bear
resemblance to the propagating bulge in the exhaust region that Retinò et al. [2006] named a micro-FTE.
The amplitude of this micro-FTE in the event on 3 December 2001 was ∼40 nT and lasted for 5 s. However,
in our case other features argue against this being a micro-FTE. The electric ﬁeld oscillations weakened considerably and vanished at the center of the interval. Simultaneously, the total magnetic ﬁeld decreased to
50 nT. The ﬁeld depression was not typical of FTEs. So we think that this feature is likely to be a magnetic
island in the exhaust region. It might have been produced by the process of magnetic reconnection [see
Eastwood et al., 2007].
One might ask whether Polar crossed not only the ion DR but also the much smaller electron diﬀusion
|u |
region (EDR). A way of ﬁnding out is to calculate the electron thermal Mach number, Me,⟂ = w e , where ue
⟨
e,⟂ ⟩
⟨
⟩
is the electron bulk velocity and we,⟂ is the electron thermal speed derived from the perpendicular temperature. In the EDR this quantity exceeds unity [Scudder et al., 2012]. Consulting electron data (not shown)
for the interval from one separatrix to the other, we ﬁnd that the maximum Me,⟂ ≈ 0.17. It thus appears that
Polar did not cross the EDR.
In summary, we have presented a case of reconnection at the poleward edge of the cusp hallmarked by
a large density asymmetry and a guide ﬁeld. Comparing with relevant simulations we found good agreement. There were, however, some discrepancies. In our view, it would be worthwhile to conduct numerical
simulations with a higher-density asymmetry than usually done. From an observational point of view, it
would be nice to examine data from crossings on both sides of the X-line under the same external conditions to permit observational comparisons. The Magnetospheric Multiscale mission will be able to achieve
these goals.
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